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ABSTRACT 

On the  I n t e r p r e t a t i o n  of Ionospheric  Resonances 

St imulated by Alouet te  I 

F. W. Crawford, R .  S. Harp, and T .  D. Mantei 

I n s t i t u t e  fo r  Plasma Research 
Stanford Univers i ty  
Stanford,  C a l i f o r n i a  

Plasma r ing ing  phenomena have been e x c i t e d  by Alouet te  I,  and 

other ionosphere probes, a t  the l o c a l  e l e c t r o n  plasma frequency, upper 

hybrid frequency, and gyrofrequency harmonics. I t  has  been suggested 

t h a t  observa t ion  of t h i s  e f f e c t  is c l o s e l y  l inked  t o  the  f a c t  tha t ,  

nea r  t o  these f requencies ,  the  w a r m  plasma e l e c t r o s t a t i c  waves, which 

could normally carry the energy away, have n e a p  zero  group ve loc i ty .  

The energy consequently remains i n  t h e  v i c i n i t y  of  the antenna, and 

manifests  i t s e l f  i n  the r inging.  T h i s  hypothes is  may be v e r i f i e d  by 

s t u d i e s  of the group de lay  of a wave-packet propagat ing between two 

antennas.  I n  t h i s  paper, t h e o r e t i c a l  p r e d i c t i o n s  of such delay a re  

presented and have been found to  agree very c l o s e l y  w i t h  l abo ra to ry  

plasma measurements. The success of these s t u d i e s  sugges ts  a powerful 

new d iagnos t i c  technique based on group de lay  measurement. Its appl i -  

c a b i l i t y  to  ionospher ic  s tud ie s  is examined, and i t  i s  concluded that 

the method should be r e a d i l y  usable  t o  o b t a i n  plasma parameters w i t h  

h igh  accuracy. The method has the  p a r t i c u l a r  advantage t h a t  i t  is 

inf luenced very  l i t t l e  by l o c a l  plasma pe r tu rba t ions  produced by the 

veh ic l e  and antennas.  
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1. INTRODUCTION 

The Canadian s a t e l l i t e  "Alouette I" w a s  launched i n t o  a c i r c u l a r ,  

1000 k m  polar o r b i t  on September 29, 1962. The veh ic l e  c a r r i e d  a pulsed 

t r a n s m i t t e r ,  t o  be used f o r  topside ionosphere sounding, whose frequency 

w a s  swept from 0.5 t o  12.0 M c  i n  an 18 sec. per iod.  S tud ie s  of the 

r e s u l t i n g  ionograms made by Lockwood [1963] and by Ca lve r t  and Goe  [1963] 

ind ica t ed  the occurrence of a wider v a r i e t y  of plasma resonances than 

had been observed previous ly  w i t h  rocket-borne f i x e 6 f r e q u e n c y  tops ide  

sounding transmitters [Knecht e t  a l l  1961; Knecht and Russe l l ,  19621. 

Those with which w e  s h a l l  be concerned i n  t h i s  paper  are the upper 

hybrid frequency, 

gyrofrequency, 

though the fundamental w a s  not observed c o n s i s t e n t l y  f o r  

The e l e c t r o n  plasma frequency, w , a l s o  con t r ibu ted  a s t r o n g  resonance 

trace t o  the ionograms, though an important d i s t i n c t i o n  should be made 

related t o  the antenna o r i e n t a t i o n  wi th  r e spec t  t o  the l o c a l  magnetic 

f i e l d :  resonances at w and n% are s t r o n g e s t  when the  antenna and 

the lnagnetic f i e l d  l i n e s  are p a r a l l e l ,  w h i l e  that  a t  u) i s  s t r o n g e s t  

when they  are perpendicular .  

= ( w i  + u:)1/2 , and harmonics of t he  e l e c t r o n  

The l a t t e r  w e r e  i d e n t i f i a b l e  up t o  n -  10  , "94 

( L k C u ) N  a 

N 

T 

N 

N Calve r t  and Goe [1963] pointed ou t  t h a t  t h e  observa t ions  a t  u) 

and co could be explained i n  terms of e l e c t r o s t a t i c  plasma waves 

e x c i t e d  p a r a l l e l  and perpendicular  t o  the magnetic f i e l d  l i n e s .  S ince  

the group v e l o c i t y  of t hese  waves should tend t o  zero a t  u) and co 

r e s p e c t i v e l y ,  the energy should remain i n  t he  v i c i n i t y  of the antenna 

and r e s u l t  i n  the observed ringing. T h i s  s t i l l  l e f t  unexplained the 

o r i g i n  of the resonances a t  n% , however. 

T 

T '  N 

Although gyrofrequency harmonics w e r e  a newly-observed phenomenon 

i n  the ionosphere a t  t h i s  time, there are a l ready  a cons iderable  volume 

of experimental  work on labora tory  plasmas i n  which noise  emission and 

absorp t ion  a t  both e l e c t r o n  and ion  gyrofrequency harmonics had been 

observed [Crawford, 1965a]. There w a s  a l s o  a v a i l a b l e  a comprehensive 

theory  of e l e c t r o s t a t i c  wave propagation i n  w a r m  magnetoplasmas 

[Bernstein,  1958; S t i x ,  19621 which showed t h a t  propagat ion perpendicular  - 

- 1 -  



t o  t he  magnetic f i e l d  should occur ,  f r e e  from c o l l i s i o n l e s s  damping, and 

should be charac te r ized  by t ransmission bands centered on t h e  e l e c t r o n  

gyrofrequency harmonics ( see  Figure 1 ) .  

I n  1964, Crawford, Kino and Weiss c a r r i e d  ou t  a labora tory  p lasma 

experiment which has been explained i n  terms of t he  perpendicular  plasma 

p e r m i t t i v i t y  component [Harp, 19651, and proposed t h a t  t he  zero  group 

v e l o c i t y  e f fec t  occurr ing  a t  t h e  gyrofrequency harmonics should he lp  t o  

exp la in  the  Alouette I observat ions.  The a n a l y t i c  b a s i s  of t h i s  sugges- 

t i o n  has  s i n c e  been developed i n  some d e t a i l  by Fe je r  and Ca lve r t  [1964], 

S tur rock  [1965], Wallis [1965], Dougherty and Monaghan [1965], and 

Deering and Fe jer  [1965]. 

the  ob jec t  of pred ic t ing  the  decay t i m e  of t h e  r ing ing .  To make the  

mathematics t r a c t a b l e ,  numerous s impl i fy ing  assumptions are employed 

involv ing  i n f i n i t e s i m a l  antenna dimensions, neg lec t  of t he  a c t u a l  antenna- 

plasma coupl ing through inhomogeneities,  and neg lec t  of c o l l i s i o n a l  

e f f e c t s .  Even so ,  t he  consensus i s  t h a t ,  d e s p i t e  o t h e r  p o s s i b i l i t i e s  

t h a t  have been advanced [Lockwood, 1963; Johnston and N u t t a l l ,  1964; 

N u t t a l l ,  19651, t h e  foregoing explana t ion  i s  adequate,  and t h a t  t he  

ac tua l  decay rate observed w a s  p r i n c i p a l l y  due t o  t h e  veh ic l e  moving 

away from t h e  energy pulsed i n t o  the  plasma. This  has  l e d  t o  f u r t h e r  

ex tens ion  of t h e  a n a l y s i s  to  s tudy  those  waves whose group v e l o c i t y  i s  

matched t o  t h a t  of t h e  vehic le .  This has been c a r r i e d  ou t  by Shkarofsky 

and Johnston [1965], t ak ing  i n t o  account e lec t romagnet ic  co r rec t ions  t o  

the  e l e c t r o s t a t i c  wave d i spe r s ion  a t  long wavelengths. 

Much of t h i s  work has been c a r r i e d  ou t  with 

In p a r a l l e l  with the  t h e o r e t i c a l  work j u s t  descr ibed ,  f u r t h e r  

experimental  work on e l e c t r o s t a t i c  plasma wave propagat ion and resonances 

has been proceeding. In  the  l abora to ry ,  very s t r o n g  suppor t  f o r  t he  w a r m  

magnetoplasma pe rmi t t i v i ty  and wave d i spe r s ion  theory  f o r  perpendicular  

propagat ion has been given by Harp [1965, 19661 who has  been ab le  t o  

determine experimental  d i spe r s ion  c h a r a c t e r i s t i c s  f o r  t h e  propagat ion 

between two antennas separa ted  r a d i a l l y  i n  a d ischarge  which agree 

c l o s e l y  with computations [Crawford, 1965 a ,  b ] ,  based on t h e  Berns te in  

[1958] theory.  Buchsbaum and Hasegawa [1964, 19661 have obta ined  v e r y  

good agreement between computed e igenf requencies  f o r  s t and ing  waves of 

- 
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t h i s  type i n  an inhomogeneous plasma, and experimental  absorpt ion reson- 

ances.  In  t h e  ionosphere, t he  tops ide  sounder, "Explorer 20" (=Ionosphere 

Explorer  I) launched on August 25, 1964, has added new d a t a  on plasma 

resonances.  Some pre l iminary  r e s u l t s  were discussed by Ca lve r t ,  Knecht 

and Van Zandt [1964], and a more d e t a i l e d  d e s c r i p t i o n  has been given 

r ecen t ly  by Calver t  and Van Zandt [1966]. 

f ixed-frequency transmitters c a r r i e d  by t h e  veh ic l e ,  and pulsed i n  

sequence, confirmed the  previous rocket  and s a t e l l i t e  observa t ions  of 

t h e  ionospheric  plasma resonances,  and allowed them t o  be s tud ied  f o r  

per iods of up t o  s e v e r a l  minutes,  

Observations made with s i x  

The foregoing b r i e f  review serves t o  i l l u s t r a t e  t h e  two bas i c  po in t s  

motivat ing the  work t o  be descr ibed  i n  t h i s  paper .  They a re  f i r s t  t h a t ,  

al though it i s  now genera l ly  accepted t h a t  ionospheric  resonances a t  

u! and cu 

experimental  l abora tory  demonstration of t h i s  has been repor ted ,  and 

second, t h a t  although t h e r e  i s  now s t r o n g  experimental  confirmation of 

t he  propagation of such waves i n  the  l abora to ry ,  t h e i r  p o t e n t i a l i t i e s  

f o r  app l i ca t ion  t o  ionospheric  sounding do not  s e e m  t o  have been 

exp lo i t ed ,  o r  even f u l l y  explored.  The purpose of t h i s  paper is  t o  

present  t h e  r e s u l t s  of t h e o r e t i c a l  and experimental  s t u d i e s  of t hese  

po in t s .  Sec t ion  2 desc r ibes  how group de lay  measurements of t ransmiss ion  

between two antennas could be employed as a d i a g n o s t i c  technique,  and 

p resen t s  appropriate  computations. Sec t ion  3 r e p o r t s  experimental  

r e s u l t s  on a labora tory  plasma v a l i d a t i n g  t h i s  t heo ry  and s t i m u l a t i n g  

t h e  ionospheric  resonances. Sec t ion  4 d e a l s  wi th  t h e  p r a c t i c a l  rea l iza-  

t i o n  and a p p l i c a b i l i t y  of  t he  method t o  ionospher ic  work, while Sec t ion  5 

terminates  t h e  paper with a b r i e f  genera l  d i scuss ion .  

a re  assoc ia ted  wi th  w a r m  plasma I wave p r o p e r t i e s ,  , no H T 

- 4 -  



2. ELECTROSTATIC PLASYIA WAVE THEORY 

Dispersion C h a r a c t e r i s t i c s  

The d i spe r s ion  r e l a t i o n  f o r  e l e c t r o s t a t i c  wave propagation perpendi- 

c u l a r  t o  a magnetic f i e l d  is obtained by equat ing  t o  zero  the  appropr ia te  

component, , of the  w a r m  plasma r e l a t i v e  p e r m i t t i v i t y  t enso r .  This  

is given by S t i x ,  [1962], as  - 

2 where 1 = (k R) , kl is  the perpendicular  wave number, and 

R [= (KT /m) 'j2/u)J is  t h e  gyroradius of a p a r t i c l e  wi th  thermal 

v e l o c i t y ,  v E= (ttT / m ) 1 / 2 ~  

e 

. Here, IC is  Boltzmann's cons tan t  and t e 
m i s  the  e l e c t r o n  m a s s .  I t  has been assumed i n  the  d e r i v a t i o n  of (1) 

t h a t  t he  t r ansve r se  electron v e l o c i t y  d i s t r i b u t i o n ,  f(vL) , is Maxwel- 

l i a n  with temperature T . Other d i s t r i b u t i o n s  must be s tud ied  ind iv i -  

dua l ly .  I f  they  are h igh ly  non-Maxwellian, t h e  waves may become uns t ab le  

[Crawford, 1965 b]. Although i o n  motions have been neglected,  they  may 

e a s i l y  be taken i n t o  account by adding summation terms of s imilar  form 

t o  t h a t  of (1) f o r  each species .  

e 

A highly s i g n i f i c a n t  f e a t u r e  of (1) i s  t h a t  i t  does not  con ta in  a n y  

c o l l i s i o n l e s s  damping terms. Computations [Tataronis  and Crawford, 19663 

show t h a t  t hese  can become very s t rong  f o r  propagat ion a t  angles  only  a 

few degrees o f f  exac t  perpendicular i ty .  The pure ly  r e a l  s o l u t i o n s  f o r  

perpendicular  propagation a re  shown i n  Figure 1. The parameter range 

1 .0  s u2/u2 s 10.0 has been chosen t o  span t h e ' r a n g e  of Alouet te  I d a t a  

repor ted  by Ca lve r t  and G o e  [1963]. 

hybrid frequency, uT (Point  X) 

ga t ion  windows i n  the  frequency bands bounded below by the  cyc lo t ron  

harmonics f o r  which nu) 2 w become wider .  There i s  never any  gap i n  

the  t ransmission f o r  u) 5 LD S CUT . 

N H  
I t  w i l l  be noted t h a t  as t h e  upper 

, moves up the  frequency a x i s ,  t h e  propa- 

H T  

H 
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Poss ib le  d iagnos t ic  techniques.  

The t h e o r e t i c a l  expression (1) has p o t e n t i a l  app l i ca t ion  t o  diagnos- 

t i c  techniques i n  a t  least  t h r e e  d i s t i n c t l y  d i f f e r e n t  ways: F i r s t  i t  may 

be used i n  the  pred ic t ion  of t he  admittance between two e l ec t rodes  i n  t h e  

plasma. I n  t h i s  case ,  y # o  and i n  p r i n c i p l e  t h e  ana lys i s  can only  be 

c a r r i e d  ou t  exac t ly  f o r  geometries i n  which t h e  wave equat ion  i s  separa- 

b l e .  Even the re ,  t h e  p r a c t i c a l  e f f e c t s  of non-ideal e l ec t rode  shapes,  

and t h e  presence of s p a c e c h a r g e  shea ths ,  may p r o h i b i t  accura te  quant i ta-  

t i v e  estimates. So f a r ,  on ly  the  admittance between two para l le l  wires 

has been s tud ied .  This has been done i n  the  experiments of Crawford, 

Kino and Weiss [1964], Crawford and Weiss [1966], and - Harp [1965,1966], 

with r e s u l t s  t h a t  Harp has shown t o  agree w e l l  wi th  q u a l i t a t i v e  predic- 

t i o n s  from (1).  These and o t h e r  aspects  of t h e  problem are c u r r e n t l y  

under s tudy  by the authors .  

The second way i n  which the  expression (1) f o r  el_ may be used 

stems from the  experimental  observa t ion  of f i n e  s t r u c t u r e  i n  t h e  peaks 

obtained e i t h e r  i n  admittance measurements, o r  i n  no i se  emission from 

magnetoplasmas. 

i n  terms of propagating o r  s tanding  cyc lo t ron  harmonic waves, f o r  which 

cL= 0 , by Buchsbaum and Hasegawa [1964,1966] and by - Harp [1965,1966]. 

In  t h e  l a t t e r ' s  experiments, i n t e r f e r e n c e  e f f e c t s  were observed as t h e  

sepa ra t ion  between two antennas was var ied .  These w e r e  i n t e r p r e t e d  t o  

g ive  t h e  wavelength, 

waves. 

These have been shown t o  be i n t e r p r e t a b l e  q u a n t i t a t i v e l y  

and hence t h e  d i spe r s ion  c h a r a c t e r i s t i c s  of t he  

F i t t i n g  such d a t a  t o  the  un ive r sa l  curves  of Figure 1 w i l l  y i e l d  

, and T , 
e 0 9 'uH N 

The t h i r d  use of (1) which w e  wish t o  d i scuss  as t h e  main s u b j e c t  

of t h i s  paper w i l l  be termed the  "group de lay  method". 

t r ansmi t t i ng  antenna w i l l  be pulsed and t h e  r e s u l t i n g  f i e l d s  w i l l  be 

sampled by a rece iv ing  antenna Some d i s t ance  away. This  w i l l  allow the  

group de lay  of a wavepacket  t r a v e l l i n g  between t h e  two antennas t o  be 

measured, and t h e  plasma parameters t o  be deduced more s i m p l y  than  by 

e i t h e r  of t h e  o the r  two methods suggested.  W e  s h a l l  now examine t h i s  

technique i n  more d e t a i l :  

In  t h i s ,  a 

- 6 -  



I : 
The group delay method 

For s i m p l i c i t y ,  cons ider  f i r s t  an i n f i n i t e  plasma system. A wave- 

packet t r ansmi t t ed  from an i n f i n i t e  p l ana r  antenna w i l l  t r ansve r se  the 

plasma a t  t h e  group ve loc i ty ,  vg(ta(o/akL) 

a r r i v a l ,  t , a t  a second antenna w i l l  depend on v . Figure 2 

shows p l o t s  corresponding to the curves of Figure 1 i n  which t h e  q u a n t i t y  

Q = (v /v ) = (tg/L)(KT /m>'i2 expresses  t h e  r a t i o  of  the group de lays  

f o r  t r a n s i t  betweeil &iter;*= L z p ~ f  of s i g n a l s  t r a v e l l i n g  a t  t h e  group 

and thermal v e l o c i t i e s .  The frequency v a r i a t i o n  of  a i n  each passband 

is reminiscent  of "nose"-whistler t ransmiss ion  c h a r a c t e r i s t i c s  [ I i e l l i w e l l  , 
19651, and i n  what follows w e  sha l l  adopt t h i s  d e s c r i p t i o n  f o r  the genera l  

shape of the curves.  

, so t h a t  its t i m e  of 
-1 

g g 

t g  e 

I t  i s  i n t e r e s t i n g  t o  note ,  t ha t ,  f o r  LL) > LD the  humped na tu re  

of d i spe r s ion  curves of Figure 1 gives  rise to double-values for a: , 
as shown i n  Figure 2. I t  i s  implied tha t  under these condi t ions  two 

s i g n a l s  with t h e  same frequency may a r r i v e  a t  t h e  second antenna wi th  

d i f f e r e n t  delays.  It  w i l l  a l so  be noted from Figure 2 t h a t  t h e  r a t i o ,  

a , always exceeds uni ty .  Its abso lu te  minimum value occurs  f o r  t h e  

parameters (a/%) = 1.85 , (UN/wHI2 = 3.25 , Q = 1.29 . 

T 

The group de lay  curves show clearly how a +  00 a t  the gyrofrequency 

harmonics, and Alouet te- type r ing ing  occurs  a t  t h e  t r ansmi t t i ng  antenna. 

There is, however, j u s t  one special combination of parameters f o r  which 

t h e  group delay is not  i n f i n i t e  a t  a gyrofrequency harmonic. Th i s  occurs  

a t  

harmonic. It w i l l  be seen t h a t  a passes  smoothly through the po in t  

(4/'3). 

branches of the d i spe r s ion  curves m e e t  at the a x i s  with a non-zero s lope  

as k l +  0 . This implies  t h a t  i n  a r ing ing  experiment t h e  r i n g i n g  

might be somewhat w e a k e r  a t  this  po in t ,  s i n c e  i t  is poss ib l e  f o r  some of 

(aN/~H)2 = 3.0 , where the upper hybrid frequency equals  the second 

The reason f o r  t h i s  w i l l  be apprec ia ted  from Figure 1: Two 

. t h e  energy t o  propagate away. Reference t o  t h e  experimental  r e s u l t s  of 

Ca lve r t  and Goe [1963, see t h e i r  Figure 41 sugges ts  tha t  the r ing ing  w a s  

indeed weak a t  t h i s  po in t .  

One way i n  which the  curves of Figure 2 may be understood is t h a t  

they  r ep resen t  t he  t i m e  response a t  the r ece iv ing  antenna t o  a deltze 

- 7 -  
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func t ion  pulse  appl ied a t  t h e  t r ansmi t t i ng  antenna. In p r a c t i c e ,  however, 

an r f  pulse  would probably be appl ied,  similar t o  t h a t  employed by 

Alouet te  I. The e x t e n t  t o  which t h i s  would allow the var ious noses of 

Figure 2 t o  be traced out  would consequently depend on the  bandwidth of 

the t ransmi t ted  s i g n a l  and t h e  rece iver .  Assume ,  for example, t h a t  t h e  

rf t r a n s m i t t e r  pulse  has  an approximately Gaussian envelope, 
2 2  f ( t )  = exp(-t  / t  ) expio  t 

of t h i s  s i g n a l  vary as exp[-@w ; (t ’-1 3 , and t he  t ransmission w i l l  

. The amplitudes of the Four ie r  components 
2 2 P 0 

0 p/-’ 
be s u b s t a n t i a l l y  f r e e  from d i s t o r t i o n  provided t h a t  t v a r i e s  l i t t l e  

over  the frequency range u0[l+(2/W,tp)] . Outside t h i s  bandwidth, the 

Four ie r  component amplitudes a re  less than  e of the c e n t r a l  ampli- 

tude corresponding t o  w . 

g 

-1 

0 

The regions of propagation i n  which t v a r i e s  least are c l e a r l y  
g 

those near  i t s  minima. This implies  t h a t  the lower the  passband the  

g r e a t e r  is  t h e  permiss ib le  bandwidth. To o b t a i n  some numerical va lues ,  

w e  may consider  t he  worst  condi t ions of Figure 2, which occur for 

aN/oH = 1.0 . Edeasurements of 

as 10 percent  would be poss ib le  i n  t h e  lowest passband f o r  

For a2/02 - 10.0 N H -  
would be poss ib l e  up t o  the t h i r d  passband, and a value of 

would be adequate i n  the lowest passband. 

wi th  pu l se  d i spe r s ion  as l i t t l e  

- 
2 2  

(a)min 
o p ” 4 5  t 

, measurements w i t h  a pulse  of the same bandwidth 

Uotp 
25 

The foregoing d iscuss ion  sugges ts  the f e a s i b i l i t y  of u t i l i z i n g  t h e  

group d e l a y  method t o  measure ionospheric  or l abo ra to ry  plasma parameters,  

and i n  the fol lowing s e c t i o n  experiments w i l l  be descr ibed designed to 

v a l i d a t e  t h e  proposed method. I n  p r a c t i c e ,  observa t ions  of minimum group 

delay should give t h e  e l e c t r o n  thermal v e l o c i t y  accurately, and hence 

the  e l e c t r o n  temperature,  while observa t ions  of r inging,  i .e. the approach 

t o  i n f i n i t e  group delay,should de f ine  t h e  l o c a t i o n  of the upper hybrid 

frequency and the gyrofrequency harmonics. From the latter, an estimate 

of the gyrofrequency, a,, , can be obtained.  S u b s t i t u t i o n  of t h i s  i n  

the  expres s ion -  (U2 2n1/2 f o r  t h e  upper hybrid frequency, w i l l  then  
N i- u)H) 

y i e l d  t h e  plasma frequency uN . 

- 11 - 



3.  EXPERIMENTAL OBSERVATIONS OF GROUP DELAY 

The experimental  set-up 

A labora tory  plasma experiment has been c a r r i e d  ou t  i n  t h e  apparatus  

shown schematical ly  i n  Figure 3 .  RF pulses  were appl ied  t o  a cy l ind r i -  

ca l  w i r e  antenna immersed iil a low-pressure argon d ischarge  and a t rans-  

mi t ted  s i g n a l  was de tec ted  on a s imilar  antenna a l igned  p a r a l l e l  t o  t he  

f i r s t  and t o  a va r i ab le  dc magnetic f i e l d .  A l a r g e  oxide-coated cathode 

w a s  used t o  provide a c y l i n d r i c a l  column of s u b s t a n t i a l l y  uniform plasma, 

and both antennas were movable wi th in  t h i s  t o  a p rec i s ion  of 0.01 mm over 

radial d i s t ances  of s eve ra l  cen t imeters .  The plasma frequency could be 

con t ro l l ed  by v a r i a t i o n  of t he  discharge cu r ren t .  

The r f  pulses  were formed by means of an 800 Mc CW o s c i l l a t o r  and 

a commercial PIN-diode modulator modified t o  produce a 40 nsec pulse  

(see Figure 3b) .  The received s i g n a l  was taken through a bandpass f i l t e r  

which improved the pulse  shape by r e s t r i c t i n g  t h e  bandwidth. The f i n a l  

envelope approached c l o s e l y  the  i d e a l  Gaussian p r o f i l e  with 

I t  w a s  very important t o  keep t h e  t ransmission l i n e  l eng th  between modu- 

l a t o r  and input  antenna, and between output  antenna and osc i l l o scope ,  as 

s h o r t  as poss ib l e  & 90 cm t o t a l ) .  Minimum r e f l e c t i o n  a t  t h e  osc i l l o -  

scope inpu t  w a s  ensured by s p e c i a l  choice of l i n e  l eng ths  and connectors.  

A g raphica l  recorder  w a s  used t o  make permanent records .  

CD o p x 5 6  t - 

In  our  experiments, t he  working frequency, w , is  d i c t a t e d  by the  

plasma parameters and i t s  phys ica l  dimensions. Cons idera t ions  of t h e  

microwave c i r c u i t  and i t s  matching, and the  na tu re  of t h e  d e t e c t i o n  

s y s t e m ,  demand t h a t  cu should be f ixed  while  u) and w are va r i ed .  

I n  t h i s  respec t  the experiment i s  c a r r i e d  ou t  analogously t o  making 

observa t ions  with a fixed-frequency s a t e l l i t e  sounder.  I t  i s  n o t  POss i -  

b l e  to make accurate  observa t ions  of Alouette- type r i n g i n g  us ing  Only 

one antenna s i n c e ,  on the  nanosecond t i m e -  scale of t h e s e  experiments ,  

unwanted l i n e  r e f l e c t i o n  and r ing ing  e f f e c t s  due t o  t h e  app l i ed  pu l se  

p e r s i s t  f o r  comparatively long t i m e s .  On t h e  mi l l i second time-scale Of  

t h e  plasma r ing ing  occurr ing  i n  the  Alouet te  experiments ,  t hese  were 

completely neg l ig ib l e ,  of course.  

N H 

- 12- 
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Fig. 3. Experimental set-up for laboratory measurements of group 
delay. 
diameter. The plasma column was 50 cm long and uniform over 
a diameter of about 6 cm, equal to that of the cathode). 

(Antennas were tungsten wires 5.0 cm long x 0.45 mm 
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C a l i  b r a t  ions 

To check t h e  group de lay  measurements, it i s  necessary t o  have 

independent c a l i b r a t i o n s  f o r  the  magnetic f i e l d ,  e l e c t r o n  plasma frequency, 

and e l e c t r o n  temperature. The f i r s t  of these w a s  e s t ab l i shed  very pre- 

c i s e l y  by means of a proton resonance gaussmeter, whi le  the  e l e c t r o n  

temperature w a s  obtained t o  an accuracy of about + l o  percent  by Langmuir 

probe methods, and was shown t o  vary very l i t t l e  a t  a given pressure  over 

wide ranges of discharge cu r ren t  and magnetic f i e l d .  

parameter t o  ob ta in  accu ra t e ly  i s  the  e l e c t r o n  plasma frequency, s i n c e  

probe measurements of e l e c t r o n  dens i ty  tend to  be u n r e l i a b l e  i n  the  

presence of a magnetic f i e l d .  The determinat ion w a s  accomplished by the 

fol lowing method: The t r a n s f e r  admittance between the  two antennas w a s  

measured q u a l i t a t i v e l y  by applying a f ixed  s i g n a l  t o  t h e  t r a n s m i t t i n g  

antenna and observing the  s i g n a l  a t  t h e  r ece iv ing  antenna as magnetic 

f i e l d  was var ied  a t  f i xed  discharge cu r ren t .  A t y p i c a l  record obtained 

l i k e  t h i s  i s  shown i n  Figure 4 .  The po in t  ' X '  may be i d e n t i f i e d  as 

the upper hybrid frequency [Harp, 19661 whi le  the var ious  peaks loca ted  

near  the  cyclotron harmonics may be i n t e r p r e t e d  by t h e  admittance theory 

discussed i n  Sec t ion  2 .  From a series of such records ,  the  curve shown 

i n  Figure 5 has been cons t ruc ted ,  showing how the upper hybrid frequency 

v a r i e s  w i t h  d ischarge c u r r e n t ,  

The most d i f f i c u l t  

Reference t o  Figure 5 shows how i t  may be used t o  determine the  

plasma frequency a t  a given cu r ren t  and magnetic f i e l d :  The q u a n t i t y  
n 

(cy&)' is  a lways  known accura te ly .  Now, on the curve,  

1 = ((.,/W) + (%/a)' . T h i s  y i e l d s  immediately the va lue  of (mN/(LI) 

corresponding to  the cu r ren t  

column, w e  have 

2 2 

IT . Since I a U2 i n  the  p o s i t i v e  N 

and , 
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Fig. 9. Variation of upper hybrid frequellcy with discharge  c u r r e n t .  
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This  

t h a t  

cen t  

U l  

c a l i b r a t i o n  procedure has been used throughout.  The r e s u l t s  suggest  

i t  genera l ly  de f ines  (U~#JJ~): and (U/U ) 

e r r o r .  

Measurements wi th  v a r i a b l e  antenna spacing 

Figure 6 shows r e s u l t s  obtained f o r  pu l se  t ransmiss ion  wi th  f i x e d  

t o  wi th in  about 5 p e r  
H I  

U and % , and va r i ab le  antenna separa t ion .  The i n t e r p r e t a t i o n  N 
of the records is  as follows. I n  each case, a d i r e c t  pu l se  t r a v e l l i n g  a t  

t h e  v e l o c i t y  of  l i g h t  is picked up on the r ece iv ing  antenna. T5is serwes 

t o  i n d i c a t e  t h e  und i s to r t ed  pulse  shape and t o  de f ine  t h e  time scale. The 

d i r e c t  pu lse  is  fol lowing a f t e r  an appropr ia te  group de lay  by the vave- 

packet t r a v e l l i n g  i n  the electrostatic wave mode. A t  l a r g e  probe separa-  

t i o n s ,  t h e  t w o  pu l se s  are w e l l  separa ted ,  and group de lay  measurements 

may be made from the records.  When the probes are c l o s e  together, t h e  

d i r e c t  and delayed pu l ses  interfere w i t h  each o ther .  bfeasurements a t  

s h o r t  spacings would be poss ib l e  i f  the direct s i g n a l  were d i sc r imina ted  

a g a i n s t .  Although t h i s  procedure w a s  not  adopted i n  our  l abora to ry  

experiments,  a t  t h e  comparat ively l o w  f requencies  appl icable  t o  iono- 

s p h e r i c  work, it should be f e a s i b l e  t o  n u l l  ou t  the d i r e c t  s i g n a l ,  either 

p a r t i a l l y  o r  completely,  by applying an ant iphase  s i g n a l  t o  the r ece iv ing  

antefiiia. 

The group de lay  d a t a  of Figure 6 i n d i c a t e  t h a t ,  t o  w i th in  ths  limits 

of experimental  e r r o r ,  a s t r a i g h t  l i n e  can be drawn through the p o i n t s  

marking the  c e n t e r s  of the wave-packets, and tha t  i t  e x t r a p o l a t e s  back 

t o  zero  de lay  a t  zero  antenna sepa ra t ion .  T h i s  would be expected f o r  

i n f i c r t e  p l a n a r  geometry, but is not  s t r i c t l y  c o r r e c t  f o r  a wave w i t h  

c y l i n d r i c a l  symmetry, such as is  e x c i t e d  i n  these experiments.  The 

agreement is good simply because the  antenna spac ing  i s  t y p i c a l l y  of the 

o rde r  of t e n s  of wavelengths. A t  a few wavelengths from the  e x c i t i n g  

antenna, the asymptotic so lu t ions  f o r  the wave propagat ion apply. These 

vary as 

t h a t  of a p lane  wave. When experimental  condi t ions  are such t h a t  the 

probe s e p a r a t i o n  i s  only a few wavelengths, t h e  l i n e a r  r e l a t i o n  breaks 

down. 

[exp i (Ut -k l r ) / r  1/2] so t h a t  t he  group v e l o c i t y  is s i m i l a r  to 

- 17 - 
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F i g .  6. Typical group delay and r inging  records.  
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Measurements near  group delay minima 

Since  t h e  bandwidth of our  experimental  pu lse  w a s  about k 4 percent ,  

it w a s  not  f e a s i b l e  t o  fol low accura te ly  the  d e t a i l e d  shapes of noses for 

which the  group de lay  var ied  r ap id ly  f o r  frequency changes of t h i s  o rde r .  

The f i r s t  passband o f f e r s  e n t i r e l y  s u i t a b l e  condi t ions ,  however, and 

Figure 7 presen t s  t y p i c a l  experimental d a t a  f o r  a series of va lues  of 

(uk/”H>4 . Tc! o h t a i n  these ,  w and the antenna s e p a r a t i o n  were 

maintained cons tan t  while  group de lay  records w e r e  t aken  as 

was var ied .  T h i s  involved making use a t  each paifit of  t he  c a l i b r a t i o n  

procedure ou t l ined  earlier. 

<S/UH> 

I n  h igher  passbands, the noses a r e  genera l ly  sha rpe r ,  and it  w a s  

(%/aH)’ 2 6. 
only poss ib l e  t o  m a k e  s a t i s f a c t o r y  measurements i n  the second and t h i r d  

f o r  These agreed w i t h  theory t o  about the same accuracy 

as the  d a t a  presented i n  Figure 7 .  The impl ica t ion  of the r e s u l t s  is 

t h a t ,  i f  

be cb ta ined  w i t h  less than 10 percent  error by use of the nose data. 

In  an ionospheric  experiment, where narrower bandwidth could be employed, 

t h i s  p rec i s ion  could probably be s u b s t a n t i a l l y  improved. 

(LU /LU )2 is known from r ing ing  measurements, then Te can N H  

Observations of r i n g i n g  

I t  w a s  found experimental ly  t h a t  as  the  magnetic f i e l d  and discharge 

T ’  parameters w e r e  var ied  so as t o  approach c l o s e l y  the condi t ions  w = w 

o r  Lu E n u  

record shown i n  Figure 6 i l l u s t r a t e s  the prolonged r ing ing  t y p i c a l l y  

observed a t  t h e  upper bybrid frequency, and the gyrofrequency harmonics. 

The i n t e r p r e t a t i o n  of t h i s  phenomenon is t h a t ,  a s  the group v e l o c i t y  f o r  

e l e c t r o s t a t i c  waves tends  t o  zero near  these f requencies ,  t hey  cannot 

c a r r y  away r a p i d l y  t h e  energy pulsed i n t o  the plasma. Consequently, i t  

s t a y s  i n  the  v i c i n i t y  of the antenna and manifests  i ts  presence i n  the  

r ing ing .  The received s i g n a l  is observed w i t h  e f f e c t i v e l y  zero  delay,  

through direct  c a p a c i t i v e  coupling, independent of the antenna separa- 

t ion. 

, the d i r e c t  pulse  component began t o  lengthen.  The H 

I t  is a very i n t e r e s t i n g  po in t  t h a t  these  r ing ing  observa t ions ,  

s imu la t ing  t h e  “Alouet te  I” r e s u l t s ,  a r e  obtained under pure ly  

- 19 - 
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. .  

q u a s i s t a t i c  condi tons.  T h i s  follows s i n c e  t h e  f r e e  space wavelength 

a t  our  working frequency is  about s i x  column diameters .  

hand, experiments i n  which a pulsed, e f f e c t i v e l y  plane,  e lec t romagnet ic  

wave has been appl ied t o  a plasma small compared w i t h  a f r e e  space wave-. 

l ength  have shown no r ing ing  [S. J.  Tetenbaum, p r i v a t e  communication]. 

The impl ica t ion  is that ,  i n  p rac t i ce ,  t h e  e lec t romagnet ic  wave correc- 

i i w i i i  ts tho r ing ing  - theory proposed by Shkarofsky and Johnston [1965] 

may not  be necessary.  

On t he  other 

- 21 - 



4.  APPLICABILITY OF THE GROUP DELAY METHOD TO THE IONOSPHERF 

The experiments descr ibed i n  Sec t ion  3 i n d i c a t e  t h a t  very good 

agreement can be obtained between theory and experiment under c o n t r o l l e d  

l abora to ry  condi t ions.  I n  t h i s  s e c t i o n ,  w e  s h a l l  consider  t h e  var ious 

f a c t o r s  r e l evan t  t o  making swept- frequency measurements by means of 

ionospheric  sounding satel l i tes .  

Pulse  shape 

To minimize t h e  bandwidth of t he  wave packet,  i t  w i l l  be d e s i r a b l e  

t o  approach a Gaussian envelope f o r  t h e  r f  pu l se s .  A r e l a t i v e l y  high 

value of Uo t 

the  var ious passbands as t h e  s a t e l l i t e  moves through regions of varying 

e l e c t r o n  d e n s i t y  and magnetic f i e l d .  For example, i f  T 

regarded as an adequate t r a n s m i t t e r  pulse  length t o  achieve t h i s ,  then 

f o r  t he  frequency range 0.5 - 3.5 Mc of most i n t e r e s t  i n  t h e  Alouet te  I 

experiments [Calvert and Goe, 19631, and a value of w t M 120 , w e  

have T = 125 psec a t  the lowest frequency and T w 17 p s e c  a t  the 

h i g h e s t ,  compared with the f ixed  pulsed length of 100 psec of t he  Alouet te  I 

t r a n s m i t t e r .  

w i l l  be required t o  trace out  nose shapes a c c u r a t e l y  i n  
P 

P" P is 

O P  

P P 

Antenna separat ion 

Unless the  d i r e c t  s i g n a l  received a t  t he  second antenna i s  t o  be 

nu l l ed  o u t ,  t h e  sepa ra t ion ,  L , between the  two antennas must be such 

as t o  give a minimum group delay of T . This  w i l l  prevent t he  d i r e c t  

and delayed pulses  from i n t e r f e r i n g  with each o t h e r .  I t  follows t h a t ,  
P 

T v  
P t  L e  - 1 

amin 

(4) 

correspond t o  the  p o i n t  of minimum group a m i  n where ( w  /uHImin and 

v e l o c i t y  under study. W e  see from Figure 2 t h a t  f o r  T = 2008 K 

(vt = 1.74  x lo5 m / s >  

('uN/uH) = 1.0 , and L w  4 0  m a t  (</wi) = 10.0 . These a r e  q u i t e  

p r a c t i c a l  values .  If the f ixed  value L e  40 m were taken,  with 

t = 120 , accurate measurement could e a s i l y  be made over  t h e  e n t i r e  

e 
and f o  = 0.5 M c  w e  have L w 20 m a t  

2 2  

O P  
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range of parameters encountered by Alouet te  I. The only  p l ace  where 

d i f f i c u l t i e s  might be encountered is i n  the  ranges where t is  double- 

valued 

of two d i s t i n c t  pu lses  could be expected only  i f  I t 
g 

for  a given frequency. Observation of the a r r i v a l  
( t g l ,  tgz) 

- t I < Tp . g l  g2 
I f  p rovis ion  were made f o r  reducing the amplitude of the d i r e c t  

s i g n a l  component a t  the r ece ive r  t o  w e l l  b e l o w  t h a t  of t h e  delayed 

s i g n ~ 1 ,  the  antenna sepa ra t ion  could probably be reduced by a f a c t o r  of 

t en .  I f  a second transmitter loca ted  a t  the  r ece iv ing  xtennn w e r e  used 

t , ~  r e l a y  t h e  s i g n a l  back t o  the  sending antenna, t h e  group de lay  could be 

e f f e c t i v e l y  doubled f o r  a given sepa ra t ion .  The r e f l e c t i o n  could a l s o  

be obta ined ,  wi th  o r  without ampl i f ica t ion ,  from another  veh ic l e ,  f o r  

example i n  mother- daughter  sa te l l i te  experiments.  

E f f e c t s  of sa te l l i te  v e l o c i t y  

W e  should consider  two poss ib l e  e f f e c t s  occur r ing  due t o  the  motion 

gf the  satel l i te .  The f i r s t  i s  due t o  the  component of antenna v e l o c i t y ,  

, p a r a l l e l  t o  t he  magnetic f i e l d  l i n e s .  For a s i g n a l  t o  be received "1 
on the second antenna, t he  antenna length ,  .C , m u s t  s a t i s f y  t h e  

i n e q u a l i t y  &/L) > (v,, /vg) = "(vt, /vt )  . I f  w e  t ake  as a convenient 

value f o r  

T = 2008K, then <$/I,) : (cl1/23) is  required.  T h i s  is e a s i l y  s a t i s f i e d  

and, i n  p r a c t i c e ,  the ratio would probably be (&/L) M 1 . 

a satel l i te  ve loc i ty  of 7.5 km/sec, and assume "It 
e 

Motion perpendicular  t o  the magnetic f i e l d  c o n s t i t u t e s  a second 

poss ib l e  source of error. The measurement of group 6e lay  w i l l  be s u b j e c t  

t o  an e r r o r  f a c t o r  of [l k ( q / v  ) ]  . I f  the plasma temperature and 

sa te l l i t e  v e l o c i t y  used above a r e  again taken as s u i t a b l e  l i m i t s ,  t h i s  

f a c t o r  becomes [l k (~1/23)] . Figure 2 shows t h a t  values  of a are 

h igh  enough for  t h i s  t o  be appreciable .  The error could be compensated 

f o r  from knowledge of the  s a t e l l i t e  v e l o c i t y  and i ts  o r i e n t a t i o n  w i t h  

r e spec t  t o  the  magnetic f i e l d ,  or add i t iona l  measurements could be made 

wi th  the r o l e s  of the t r ansmi t t i ng  and r ece iv ing  antennas reversed.  T h i s  

would allow de termina t ion  of vL and e l imina t ion  of the e r r o r .  In  experi- 

ments where the  wave-packet is r e f l e c t e d  back t o  the t r a n s m i t t i n g  antenna, 

t h e  e f f e c t  w i l l  be au tomat ica l ly  cance l led  ou t .  

g 
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E f f e c t s  of c o l l i s i o n s  

So far  w e  have ignored completely the  poss ib l e  effects of c o l l i s i o n s .  

I t  may be shown that  the  e f f e c t  of e l a s t i c  e l e c t r o n / n e u t r a l  encounters 

can be introduced i n t o  the  d i spe r s ion  r e l a t i o n  (1) by r ep lac ing  by 

CD [l - (iv/w)) , and w by ( w -  i v )  , where v is  t h e  e l e c t r o n / n e u t r a l  

c o l l i s i o n  frequency [Crawford and T a t a r o n i s )  19661. To a good approxima- 

t i o n  the  a t t enua t ion  p e r  u n i t  d i s t a n c e  is given by k i L =  v/vg = a (v /v t )  

[Crawford, 19651. In the l abora to ry  experiments descr ibed i n  Sec t ion  3 

w e  had v % 106/sec ) v T =  1 0  cm/sec , and Q: of the  o r d e r  of u n i t y ,  

so  t h a t  the  a t t enua t ion  due t o  c o l l i s i o n s  should have been only a few 

db up t o  d i s t ances  of many cent imeters .  Under condi t ions s imi la r  t o  

those of the  Alouette ionospheric  experiments,  the  r a t i o  (v/vt) w i l l  

be s e v e r a l  o rde r s  of magnitude lower than i n  ou r  l abora to ry  experiments. 

T h i s  w i l l  e f f e c t i v e l y  compensate f o r  the  two o r  three o r d e r s  of magnitude 

g r e a t e r  antenna sepa ra t ion  required f o r  ionospheric  group d e l a y  measure- 

ments. 

2 
N 

2 
N 

8 

It  may be remarked t h a t  c o l l i s i o n a l  e f f e c t s  should have least  e f f ec t  

on measurements near the noses,  where the  group v e l o c i t y  is maximum. 

They would be most l i k e l y  t o  introduce e f f e c t s  i n t o  the r ing ing .  S ince ,  

however, prolonged r i n g i n g  has a l r eady  been observed t o  occur very c l o s e  

t o  the cyclotron harmonics i n  the  Alouet te  I experiments,  i t  is implied 

tha t  the  p r a c t i c a l  e f f e c t s  of t h i s  c o r r e c t i o n  may be n e g l i g i b l e .  
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5. DISCUSS ION 

The main purpose of t h i s  work w a s  t o  v a l i d a t e  the i n t e r p r e t a t i o n  of 

ionospheric  r ing ing  measurements as a plasma e x c i t a t i o n  e f f e c t  i n  regions of 

n e a r z e r o  group ve loc i ty .  As w i l l  be apprec ia ted  from Sect ion  3, our  

experimental  work goes f a r  beyond t h i s ,  s e rv ing  t o  confirm the d e t a i l e d  

theory of perpendicularly- propagating, w a r m  magnetoplasma waves, and 

providing a f i x  fc?undation f o r  a powerful new d iagnos t i c  technique based 

on group de lay  measurement. Although simultaneous measurements of 

s i g n a l s  a t  both the sending and r ece iv ing  antennas might be use fu l ,  an 

extremely important i n t r i n s i c  advantage of t he  group delay method is 

tha t  the major i ty  of the plasma volume under s tudy  i s  remote from t h e  

veh ic l e ;  i ts  surrounding sheaths and plasma inhomogeneities,  and poss ib l e  

s t r a y  magnetic f i e l d s .  For t h i s  reason, measurements of a quan t i ty  such 

as 0 are more l i k e l y  t o  be r e l i a b l e  than those obtained by a l te rna-  

t i v e  " loca l"  techniques such as r ing ing ,  Langmuir probes, o r  resonance 

probes. I n  f a c t ,  measurements a t  s e v e r a l  d i f f e r e n t  antenna spacings 

could probably e l imina te  the inf luence  of l o c a l  e f f e c t s  almost completely. 

N 

In  t h e  ionosphere,  a number of independent checks on the q u a n t i t i e s  

of i n t e r e s t ,  uN , u) and Te are poss ib l e  without much a d d i t i o n a l  

complication. For exmple: the  observed magnetic f i e l d  can be checked 

aga ins t  s p h e r i c a l  harmonic expansions, and aga ins t  deductions f r o m  

electromagnet ic  resonances when they  appear i n  the ionograms [Calver t  and 

Goe, 19631. I t  may a l s o  be compared w i t h  t h e  value obtained from ring- 

i n g  observa t ions  made simultaneously a t  the t r ansmi t t i ng  antenna, as i n  

the Alouet te  I experiments. The plasma frequency can a l s o  be checked by 

r ing ing  observa t ions  made when the antennas are al igned perpendicular  t o  

t h e  magnetic f i e l d .  E lec t ron  temperature measurements could be made 

r e l i a b l y  by using the  antennas as Langmuir probes. 

H 

- 

Since t h e  r ing ing  a t  (0 

s t rong ly  i n  sa te l l i t e  experiments, i t  i s  i n t e r e s t i n g  t o  specu la t e  on 

whether i t  might be possible  t o  measure group delay between two antennas 

i n  t h i s  mode using the  set-up f o r  t he  perpendicular  propagation measure- 

ments descr ibed  i n  Sec t ion  4. As der ived  by Bohm and Gross [1949], the  

j u s t  referred t o  has been observed N 
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d i spe r s ion  r e l a t i o n  may be w r i t t e n ,  

where Landau damping has been neglected.  E f f e c t i v e l y  t h i s  confines  the  

v a l i d i t y  of (5) t o  v k c 0.3 ON [Fejer and Ca lve r t ,  19641. Using (3 )  

t h i s  i n d i c a t e s  t h a t  group de lay  should be observable  over t h e  range, 

O <  (v$vt )<  1 . This corresponds t o  values  of s imi la r  t o  those 

f o r  perpendicular  propagat ion,  so t h a t  measurements should be feasib ' le  

with the  same set-up. More d e t a i l e d  theory  [Derf le r  and Simonen, 19661 

i n d i c a t e s  t h a t  t h e  range t o  be expected experimental ly  i s  r a t h e r  wider 

than t h i s .  

t II 

I t  may be remarked t h a t  a group de lay  experiment confirming ( 5 )  

would be an important con t r ibu t ion  t o  bas i c  plasma phys ics .  A g r e a t  

many e f f o r t s  t o  ve r i fy  t h i s  d i spe r s ion  r e l a t i o n  i n  t h e  l abora to ry  have 

f a i l e d  due t o  such f a c t o r s  as plasma inhomogeneity, and the  inf luence  of 

e l e c t r o n / n e u t r a l  c o l l i s i o n s ,  and i t  i s  only  very r e c e n t l y  t h a t  s t r o n g  

support  has been obtained f o r  i t  i n  condi t ions  approaching a homogeneous 

c o l l i s i o n l e s s  plasma [Derf ler  and Simonen, 1966; van Hoven, 19661. 

Throughout t h i s  paper,  w e  have discussed e l e c t r o n  resonance. e f f e c t s .  

I t  might be poss ib le ,  under some circumstances,  t o  make s i m i l a r  measure- 

ments of group delay and r ing ing  r e l a t e d  t o  the  lower hybrid frequency 

and ion  gyrofrequency harmonics. The phys ica l  l eng ths  involved would 

be much g r e a t e r ,  owing t o  the  r e l a t i v e l y  l a r g e  i o n  gyroradius ,  and the  

phenomena might be s tud ied  bes t  i n i t i a l l y  i n  mother-daughter s a t e l l i t e  

experiments ,  

- 26 - 



J c 

. 
Acknowledgements 

This work w a s  begun at S tanford  i n  1964 under NSF sponsorship,  and 

b e n e f i t t e d  a t  t h a t  t i m e  from the  assistance of  H .  H. Weiss. I t  w a s  p u r  

sued by one of us (R.S.H.) w h i l e  an NSF Pos tdoc to ra l  Fellow at  t h e  

I n s t i t u t  f u r  Plasmaphysik, Garching, Germany &iring the year  1964-65. 

The faci l i t ies  and h o s p i t a l i t y  o f f e red  by the I n s t i t u t e  are g r a t e f u l l y  

acknowledged. The major i ty  of t h e  r e s u l t s  presented i n  t h i s  paper were 

obtained a t  S tanford  under NASA sponsorship.  

.* 

- 27 - 



References 

Bernstein,  I .  B . ,  Waves i n  a plasma i n  a magnetic f i e l d ,  Phys. Rev., 
109, ( l ) ,  10-21, 1958. - 

Bohm, D., and E .  P .  Gross, Theory of plasma o s c i l l a t i o n s .  A:origin of 
medium l i k e  behavior,  Phys. Rev., 75(12), 1851- 1864, 1949. 

Buchsbaum, S .  J .  and A .  Hasegawa, Exc i t a t ion  of l ong i tud ina l  plasma 
o s c i l l a t i o n s  near  e l e c t r o n  cyclotron harmonics, Phys. Rev. L e t t e r s ,  
12 (25),  685-688, 1964. - 

Buchsbaum, 6 .  J., and A .  Hasegawa, Longi tudinal  plasma o s c i l l a t i o n s  nea r  
e l e c t r o n  cyclotron harmonics, Phys. Rev., 143(1),  303-309, 1966. 

Ca lve r t ,  W . ,  and G .  B. Goe, Plasma resonances i n  t h e  upper ionosphere,  
J .  Geophys. R e s . ,  68(22),  6113-6120, 1963. 

Ca lve r t ,  W . ,  R .  W .  Knecht, and T.  E .  Van Zandt, Ionosphere Explorer  I 
s a t e l l i t e :  F i r s t  observa t ions  from the  fixed- frequency tops ide  
sounder, Science,  146 (3642), 391- 395, 1964. 

Ca lve r t ,  W .  and T .  E .  Van Zandt, Fixed- frequency observa t ions  of plasma 
resonances i n  the  tops ide  ionosphere,  J .  Geophys. R e s . ,  71(7) ,  
1799- 1813, 1966. 

Crawford, F. W . ,  G. S. Kino and H .  H .  Weiss, E x c i t a t i o n  of cyc lo t ron  
harmonic resonances i n  a mercury- vapor d ischarge ,  Phys . R e v .  
L e t t e r s ,  13(7) ,  229-232, 1964. 

a )  Crawford, F. W . ,  A review of cyc lo t ron  harmonic phenomena i n  plasmas, 
Nuclear Fusion, 5 (1 ) ,  73-84, 1965. 

b)  Crawford, F. W . ,  Cyclotron harmonic waves i n  w a r m  plasmas, J. R e s .  
NBS, 69D(6), 789-805, 1965. 

. 

Crawford, F. W . ,  and H .  H .  Weiss, Transmission c h a r a c t e r i s t i c s  of 
cyc lo t ron  harmonic waves i n  plasma, J .  Nucl. En. Pt .C,  8 ( 1 ) ,  
21-29, 1966. 

- 28 - 



t 

b 

Deering, W. D., and J .  A. Fe j e r ,  Exc i t a t ion  of plasma resonances by a 
s m a l l  pulsed d ipo le ,  Phys . Fluids ,  8 (11) , 2 0 6 6  2079, 1965. 

Der f l e r ,  H. and T.  C .  Simonen, Landau Waves: An experimental  f a c t ,  
I n s t i t u t e  f o r  Plasma Research, Report No. 62, S tanford  Univers i ty ,  
S tanford ,  C a l i f o r n i a ,  Apr i l  1965. 

Dougherty, J. P. and J. J. Monaghan, Theory of resonances observed i n  
ionograms taken by sounders above the ionosphere,  Proc. Roy. SOC., 
A289, 214-234, 1965. 

F e j e r ,  J .  A. and W .  Ca lve r t ,  Resonance e f f e c t s  of e l e c t r o s t a t i c  o sc i l l a -  
t i o n s  i n  t h e  ionosphere,  J .  Geophys. R e s . ,  69(23),  5049-5062,1964. 

Harp, R. S . ,  Propagation of longi tudina l  plasma o s c i l l a t i o n s  near  
cyc lo t ron  harmonics, Appl. Phys. Letters,  6 ( 3 ) ,  51-53, 1965. 

Harp, R. S . ,  The d i spe r s ion  c h a r a c t e r i s t i c s  of l ong i tud ina l  plasma 
o s c i l l a t i o n s  near  cyclotron harmonics, Proceedings 7 th  I n t e r n a t i o n a l  
Conference on Phenomena i n  Ionized Gases. Belgrade. Yumslavia .  
August 1965 ( In  p r e s s ,  1966). 

--- H e l l i w e l l ,  - R.  A. ,  Whis t le rs  and Related Ionospheric Phenomena, Stanford 
Universi ty  Press, i i t n f o r d ,  C a l i f o r n i a ,  1965. 

van Hoven, G . ,  Observation of plasma o s c i l l a t i o n s ,  I n s t i t u t e  f o r  Plasma 
Research, Report No. 63, Stanford Universi ty ,  S tanford ,  C a l i f o r n i a ,  
Apr i l  1966. 

Johnston, T. W . ,  and J .  N u t t a l l ,  Cyclotron harmonic s i g n a l s  received by 
t h e  Alouet te  tops ide  sounder, J. Geophys. R e s . ,  69(11),  2305-2314, 
1964. 

Knecht, R. W . ,  T .  E .  Van Zandt, and S .  Russe l l ,  F i r s t  pulsed r ad io  
soundings of t h e  topside of t he  ionosphere,  J .  Geophys. R e s . ,  66 
(9) ,  3 0 7 8  3081, 1961. 

Knecht, R .  W . ,  and S .  Russe l l ,  Pulsed r ad io  soundings of t h e  tops ide  of 
t he  ionosphere i n  the  presence of spread F, J .  Geophys. Res., 67 
(3), 1178-1182, 1962. 

- 29 - 



Lockwood, G.  E .  K . ,  Plasma and cyc lo t ron  sp ike  phenomena observed i n  
tops ide  ionograms, Can. J .  Phys., 41(1),  19G194,  1963. 

N u t t a l l ,  J . ,  Theory of c o l l e c t i v e  sp ikes  observed by the  Alouet te  tops ide  
sounder,  J .  Geophys . R e s . ,  70 (51,  111s 1125, 1965. 

Shkarofsky, I .  P. ,  and T .  W. Johnston, Cyclotron harmonic resonances 
observed by sa te l l i t es ,  Phys. Rev. L e t t e r s ,  15(12) ,  51-53, 1965. 

S t i x ,  T .  
N e w  

S t urrock 

H . ,  The Theory of Plasma Waves, McGraw-Hill Book Company, Inc. ,  
York, 1962. 

P .  A . ,  Dipole resonances i n  a homogeneous plasma i n  a magnetic 
f i e l d ,  Phys. F lu ids ,  8 ( 1 ) ,  88-96, 1965. 

Ta taronis ,  J .  A .  and F. W .  Crawford, Cyclotron and C o l l i s i o n  damping of 
propagating waves i n  a magnetoplasma, Proceedings 7 th  I n t e r n a t i o n a l  
Conference on Phenomena i n  Ionized Gases, Belgrade, Yugoslavia, 
August 1965 ( In  press .  1966). 

Wallis, G . ,  On the harmonics of t he  gyrofrequency observed on tops ide  
ionograms, J .  Geophys . R e s . ,  70 (51 ,  1113- 1117, 1965. 

- 30 - 


